likely involved in the transcription of a subset of genes that promote papillae deposition in trichomes.
Introduction
Plant cell walls play critical roles in cell communication, plant defense, growth, and mechanical support. The Arabidopsis leaf trichomes represent an excellent model for studying the mechanisms of cell wall biogenesis and development (Marks at al. 2008 ). These cells form birefringent, thick cell walls of about 1 µm, which are characteristics typically associated with secondary cell walls. However, trichome cell walls have a biochemical composition more similar to the primary than to the secondary cell wall with a 2.23-fold ratio of pectic to cellulosic sugars (Potikha and Delmer 1995; Marks et al. 2008) . Even more peculiar, primary CESA genes, but not secondary CESA genes, are active in Arabidopsis trichomes (Jakoby et al. 2008; Marks et al. 2008; Betancur et al. 2010; Lei et al. 2012; Bashline et al. 2014) . Such a unique blend of primary and secondary cell wall characteristics make trichomes ideal for studying multiple aspects of cell wall biogenesis and development.
The cell walls of Arabidopsis trichomes develop unique structures known as papillae which are raised, rounded subcuticular structures that give the trichome cell surface a bumpy appearance visible under scanning electron microscopy. The functions of Arabidopsis trichomes and papillae remain largely unknown. It has been suggested that trichomes may reflect incoming light to prevent water loss, increase drought resistance, and reduce the transmission of harmful Ultra Violet (UV) radiation onto the leaf surface (Karabourniotis et al. 1995; Yan et al. 2012; Polivka and 
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Hofmann 2014). Upon UV-B exposure, Arabidopsis trichomes have been shown to increase in number, phenolic content, as well as cell wall thickness (Kulich et al. 2015) . As more light gets transmitted through trichomes with reduced papillae (Suo et al. 2013) , it is possible that papillae play some role in the proposed protective functions of trichomes.
When viewed under a dissecting microscope, wild type plants exhibit trichomes of a nearly opaque, white color. The frosted appearance of wild type trichomes is believed to be caused by the uneven surface area created by papillae on the surface of the trichome cell wall (Suo et al. 2013) . The curved depositions are therefore proposed to scatter light in a similar manner as to that of frosted glass. When papillae are missing or less pronounced, this light scattering property is diminished permitting more light is to pass through the trichome. These trichome cell wall mutants are described as having a more translucent, "glassy" trichome phenotype, compared to the "frosted" trichomes seen in wild type plants.
Although several genetic mutations causing a glassy trichome phenotype have been described, the identities of the genes involved and the molecular mechanism of papillae formation remain largely unknown (Hülskamp et al. 1994; Potikha and Delmer 1995; Jakoby et al. 2008; Bischoff et al. 2010; Suo et al. 2013) . The glassy hair1 mutant possesses trichomes that display a fivefold reduction in papillae density and form undersized, flatter papillae (Suo et al. 2013; Fig. 1a ). Here we show that the GLH1 gene encodes the MED25 protein, a component of the transcription mediator complex. The presented data suggest that papillae formation requires a regulatory step in which the mediator complex integrates the activity of transcription factors to control the expression of papillae promoting genes.
Results

Mutation in the MED25 gene causes a glassy trichome phenotype
The glh1 mutation was previously fine mapped to an interval of 82 kilobases (kb) on the upper arm of Arabidopsis thaliana's chromosome 1 (Suo et al. 2013; Fig. 1b) . To pursue identification of this gene, it was mapped to the F2J7 BAC. T-DNA insertion lines positioned within the mapping interval were screened for a glassy trichome phenotype. Plants from the SALK_129555c line exhibited a glassy phenotype. The T-DNA insertion for this line disrupts the gene encoding a component of the transcription mediator complex, MED25.
Sequencing of the MED25 gene in the glh1 mutant background revealed a Guanine to Adenine substitution at the beginning of the sixth intron (Fig. 1c) , affecting the splice junction sequence. Such an altered splice junction sequence is likely to cause a splicing malfunction, which could result in a truncated or extended protein. To test the effects of the Fig. 1 GLH1 Gene identification. a The glh1 phenotype. In comparison to wild type plants, glassy hair1 mutants possess trichomes with a low density of underdeveloped papillae on their cell wall surfaces. Scale bar = 75 µm. b glh1 Mutation mapping interval. The glh1 mutation was mapped to an 82 kb region on chromosome 1. The names of the markers and the number of recombinants in relation to the number of chromosomes tested are indicated. c Mutation location. MED25 was sequenced in the glh1 background and aligned with wild type Columbia sequences, revealing a point mutation at the beginning of the sixth intron that resulted in a Guanine to Adenine substitution. d Mutation effects on transcript splicing. PCR amplification of Arabidopsis MED25 cDNA using MED25 primers yielded a single band of 396 bp for wild type plants and several bands ranging from approximately 300 to 600 bp for mutant plants. The PCR on wild type genomic DNA (g) using MED25 primers generated a single band of 634 bp in length. Reactions on cDNA using EF1 primers was used as a control 1 3 mutation on transcript splicing, the cDNA region surrounding the MED25 mutation site was PCR amplified using primers binding within the fifth and seventh exons. In the reactions on cDNA using MED25 primers, wild type plants produced a single band of 396 bp, while mutant plants produced several bands ranging from approximately 300 to 600 bp (Fig. 1d) . The presence of multiple bands amplified from the glh1 mutant cDNA indicates that multiple splice variants are being produced. This also suggests that the identified G to A substitution affected the formation of a functional GLH1 transcript and greatly reduced or abolished the function of the GHL1 gene product.
The SALK_129555c T-DNA line (Fig. 2c , c') was crossed with the glh1 line (Fig. 2b, b' ) to test for genetic complementation. Analysis of the F1 trichome phenotype revealed that the progeny possessed glassy trichomes with Fig. 2 Complementation of the glh1 mutant. a-e Scanning electron micrographs of whole trichomes at 500× magnification. Scale bars 50 µm. a'-e' Scanning electron micrographs of trichome stalks at 1000× magnification. Scale bars 30 µm. a, a' Wild type trichomes possess numerous fully formed papillae. b, b' glh1 trichomes exhibit underdeveloped papillae at a dramatically reduced density compared to wild type. c, c' SALK_129555c trichomes have underdeveloped papillae at a reduced density compared to wild type. d, d' Trichomes of the glh1 mutants expressing MED25pro::MED25 construct display numerous fully developed papillae. e, e' SALK_129555c × glh1 F1 trichomes possess underdeveloped papillae at a dramatically reduced density compared to wild type. f Density of Papillae for glh1, Columbia, SALK_129555c, SALK_129555c × glh1 F1, and MED25pro::MED25 T2 trichomes. N = 13 for glh1, N = 10 for all other plant lines, **P < 0.01, ***P < 0.001 1 3 underdeveloped papillae at a low density (Fig. 2e, e' ), indicating no complementation. To test if the MED25 gene can rescue the glassy phenotype of glh1, the pPZP212 vector containing a genomic fragment with the MED25 regulatory (1867 bp) and coding (5055 bp) regions was transformed into the mutant. Trichomes of the T1 generation exhibited frosted appearance and numerous welldeveloped papillae demonstrating a mutant rescue (Fig. 2a, a'; Fig. 2d, d') . Papillae density analysis revealed that the glh1, SALK_129555c, and glh1 x SALK_129555c F1 lines possessed significantly fewer papillae than Columbia wild type, whereas the rescued plants showed more papillae than the original glh1 line (Fig. 2f) . Collectively, these results established the identity of GHL1 as MED25 and indicated that the glh1 mutation is a new loss-of-function MED25 allele. Another mutant allele of the Arabidopsis MED25 gene, describes as pft1, was showed delayed flowering time when plants were grown under long-day conditions (Cerdán and Chory 2003) . Since the names GLH1, PFT1, and MED25 represent the same gene, we will henceforth refer to it as MED25.
The MED25pro::GUS reporter expresses in trichomes
To determine the localization and relative levels of MED25 gene expression, the 1867 bp fragment of the 5′ regulatory region was used to drive the expression of the β-glucuronidase (GUS) reporter. Transgenic plants expressing MED25pro::GUS showed reporter activity primarily in leaf vasculature, guard cells, roots, cells surrounding mature trichomes, developing trichomes, and trichomes of young leaves (Fig. 3) . Fainter staining of trichomes on older leaves was also observed. Consistent with the MED25pro::GUS expression, MED25 transcript has been detected in a trichome microarray analysis (Marks et al. 2009 ). Together, these results suggest that the MED25 gene activity in trichome cells promotes papillae formation.
Expression of trichome development reporters is not affected by the glh1 mutation
To test if the loss of MED25 function mutation leads to general gene expression defects in trichomes, the expression of two trichome reporters were analysed in the glh1 mutant. The GL2 and ETR2 promoters were shown to be expressed in trichomes during various developmental stages (Szymanski et al. 1998; Plett et al. 2009 ). GL2 is important for several stages of trichome development, including cell wall maturation. The GL2pro::GUS reporter has been shown to have strong trichome specific expression in leaves (Szymanski et al. 1998; Fig. 4) . ETR2 was shown to be important mainly in the early stages of trichome development involving microtubule array stabilization and branch formation (Plett et al. 2009 ). The F3 generations of the glh1 × GL2pro::GUS and glh1 × ETR2pro::GUS crosses, along with the parental GUS lines were stained for GUS activity. No apparent discrepancy in GUS expression between the parental GUS and mutant lines was detected in developing or in mature trichomes (Fig. 4) . These results suggest that the glh1 mutation does not generally disrupt gene expression in trichomes and that MED25 may promote papillae deposition by regulating a subset of genes involved in the formation of these structures.
Calcium ion accumulation in trichomes is reduced in the glh1 mutant trichomes
Previous elemental analyses of the glassy trichome mutants, gl3-sst and gl3-sst sim, have demonstrated reductions in magnesium, calcium, and phosphorous when comparing mutant and wild type elemental profiles (Esch et al. 2003; Marks et al. 2009 ). In particular, calcium was suggested to associate with papillae structures (Rerie et al. 1994 ). An SEM based X-ray elemental analysis was used to determine if the glh1 mutation affects the elemental composition of the trichome cell wall surface. Analyses were performed on glh1 trichome cell walls (Fig. 5a ), Columbia inter-papillae regions (Fig. 5b) , and Columbia papillae (Fig. 5c) . A comparison of X-ray peaks from the Columbia inter-papillae and papillae regions revealed no significant differences (Fig. 5d) . However, a significant reduction in calcium was measured in the glh1 mutant trichomes (22% of wild type; Fig. 5e ). Quantitative elemental analysis by inductively coupled plasma optical emission spectroscopy (ICP-OES) showed a significant reduction (p < 0.001) of calcium levels to 0.496 ppm per 1000 trichomes in the glh1 mutant compared to 1.653 ppm per 1000 trichomes in wild type (Fig. 5f ).
Discussion
Transcription of many genes relies on the activity of the mediator complex, which serves as both an adaptor between specific transcription factors and the promoter-bound RNA polymerase complex, as well as a signal transmitter for transcriptional regulators (Bäckström et al. 2007; Samanta and Thakur 2015) . The mediator complex has additional functions in nuclear processes, regulating miRNA and siRNA biogenesis, D-loop and Holiday structure disruption, RNA processing, and mediating polar nuclei proliferation (Barneche et al. 2000; Yan et al. 2007; Kobbe et al. 2008; Huang et al. 2009; Kang et al. 2009; Maruyama et al. 2010; Kim et al. 2011) .
In plants, the mediator complex has been shown to be involved in various aspects of growth and development, including embryo pattern formation, flowering, organ development, leaf number and size, Synergistic Activation Mediators (SAM) complex organization, ion homeostasis, and lignin biosynthesis (Autran et al. 2002; Clay and Trichome elemental analysis. X-ray peaks for glh1 trichome surfaces (a), wild type inter-papillae regions (b), and wild type papillae (c) were measured to compare the elemental composition of wild type and mutant trichome cell wall surfaces. No significant differences in calcium were detected between X-ray peaks from the Columbia inter-papillae and Columbia papillae regions (d). Comparisons of X-ray peak heights (e) and ICP ppm values (f) between Columbia and glh1 samples revealed that mutant trichomes contain less calcium. N = 5 trichomes for each plant line used in the X-ray dispersal spectra analysis. N = 14 vials (3000 trichomes per vial) for each plant line used in the ICP analysis. *P < 0.05, **P < 0.01, ***P < 0.001 2014; Li et al. 2015) . The MED25 subunit has been shown to regulate jasmonate and abscisic acid signaling pathways through interacting with the MYC2 and ABI5 transcription factors. These signaling pathways play integral roles in mounting defensive and stress responses (Dhawan et al. 2009; Kidd et al. 2009; Chen et al. 2012) . MED25 is also known to be involved in the regulation of flowering time in reaction to light quality, in organ development through the restriction of cell proliferation and expansion, and in repression of Phytochrome B light signaling via interaction with the drought response element binding protein 2A (Xu and Li 2011; Elfving et al. 2011; Iñigo et al. 2012 ). It has therefore been proposed that MED25 aids in the integration of several different pathways, enabling plants to respond appropriately to various stressors and developmental cues (Malik and Roeder 2010; Elfving et al. 2011; Iñigo et al. 2012) .
Here, an additional function for the MED25 gene in trichome papillae formation is demonstrated. Papillae become visible at stages 5 and 6 of trichome development when trichome maturation occurs (Marks et al. 2007 ). Observed MED25pro::GUS expression at early trichome developmental stages suggests either that papillae development may be initiated prior to stage 5, or that MED25 is also involved in other aspects of early trichome development.
Though the mechanisms of papillae formation and papillae molecular composition are largely unknown, it has long been speculated that these structures may be responsible for the high calcium content found in trichomes (Rerie et al. 1994) . Previous analyses of trichome cell wall composition revealed that papillae contain magnesium, calcium, and are enriched in phosphorous (Esch et al. 2003; Marks et al. 2009 ). Our analysis supports the presence of these elements in papillae though no enrichment was detected in these structures. Analysis of trichome cell wall surfaces and whole trichomes revealed less calcium in the glh1 mutant compared to wild type. The papillae-less trichomes of the gl3-sst mutant were also reported to have decreased calcium levels (Esch et al. 2003) . One possibility is that a reduction in calcium may affect papillae formation. Calcium has been suggested to bind and cross-link unmethyl-esterified homogalacturonan pectic polysaccharides, promoting pectin gelation and increasing cell wall stiffening (Caffall and Mohnen 2009) . Reduction in calcium levels in the green alga Penium margaritaceum promoted localized cell swelling, illustrating a morphogenetic role of calcium likely due to changes in cell wall structure through pectin cross-linking (Domozych et al. 2014) . It is also conceivable that calcium reduction in glh1 trichomes may merely reflect a reduction in the amount of pectin or changes in its composition. Although hemicellulosic polysaccharides have been previously linked to papillae formation by the fucosyltransferase 1 mutant mur2 (Vanzin et al. 2002) , a possible role of pectin in papillae formation remains to be investigated.
Microarray data from a transcriptome analysis of Arabidopsis trichomes (Marks et al. 2009 ) together with MED25pro::GUS expression in leaf trichomes suggest that MED25 is required inside trichome cells to promote papillae formation. Expression of the GL2pro::GUS and ETR2pro::GUS reporters was not changed in the mutant trichomes, including at the late developmental phases when papillae form. Although it can not be excluded that the papillae-less phenotype of the glh1 mutant results from trichome developmental arrest, with the gl3-sst mutation providing a precedent for this kind of mutation, this scenario seems unlikely since trichome size and shape was shown to be unaffected in the glh1 mutant (Suo et al. 2013 ). This suggests an alternative explanation where MED25 is involved in transcription of a subset of trichome-expressed genes that promote papillae formation. MED25 may interact with the transcription factors necessary for the activation of genes involved in the localized deposition of material on the cell wall surface. Identification of MED25 regulated genes using a trichome-specific transcriptome analysis may provide means to reveal molecular components of the mechanism responsible for papillae deposition on the cell wall surface.
Methods
Plant strains and growth conditions
For aseptic plant growth, plates containing one-half Murashige and Skoog (MS) salts with 1% sucrose were used. A soil mixture consisting of one-half Promix HP with mycorrhizae (Premier Tech Horticulture Ltd.) and one-half Professional Growing Mix (Sun Gro Horticulture Canada Ltd.) was used for plants grown in pots. The mutant glh1 line was generated by EMS mutagenesis (Suo et al. 2013) , the SALK_129555c line was obtained from the Arabidopsis Biological Resource Center, Ohio (http://abrc.osu.edu).
Mapping and identification of the GLH1 gene
Columbia ecotype mutants were crossed with Landsberg erecta plants. The F2 seeds were grown and tissue samples of mutants were harvested for genomic DNA isolation. Publicly available and newly designed simple length polymorphism (SSLP), cleaved amplified polymorphism (CAP), and derived CAP (dCAP) markers were used for mapping (Meinke et al. 1998; Lukowitz et al. 2000) . Once approximately ten recombinants were found for the current set of markers, new markers located inwards in the mapping interval were selected for testing additional samples. This process was repeated until the mapping interval was less than 100 kb and nearly all recombinants were lost.
PCRs were performed on wild type and glh1 mutant genomic DNA to amplify the MED25 gene in two overlapping fragments using primers S0.1: CAA TTT ACA AAG AAC GAG CTTCA, AS3: TGG GGA AAA CTA GGA ACT GGTGC, S2: ATC TTC ACA TTA GTA GAA GCCTG, and AS0: TAC CGT CGG CGA ATC GTT AGG. The resulting gene fragments were then sequenced to identify the nucleotide mutation. PCRs on wild type and mutant cDNAs were performed using the primers MED25 RT PCR F: GCT CAA CCA AGT AAC GAT CTG and MED25 RT PCR R: CAC TTT CAC AGG GCT CTG AGT to test the effect of the mutation at the GLH1 RNA transcript processing. Amplification of the Elongation Factor 1 cDNA (EF1) with primers EF1s: ATG CCC CAG GAC ATC GTG ATT TCA T and EF1as: TTG GCG GCA CCC TTA GCT GGA TCA , was used as a control.
MED25 gene constructs
The pPZP212 vector containing a genomic fragment including the MED25 regulatory (1867 bp) and coding (5055 bp) regions was obtained from Dr. Pablo Cerdan at La Universidad de Buenos Aires, Argentina. To create the MED25pro::GUS construct the MED25 promoter was amplified using the following primers: PROMOTER F2: CTA TCG AGC TGG CGA TGA TGTC and PROMOTER R3: AGT CTC TGA GCG TTG TTG TTA CGT G, yielding a product of 1,867 bp which was inserted into the pCR8/GW/ TOPO vector (Invitrogen). After confirming the sequence, the promoter fragment was inserted into pMDC162 (Curtis and Grossniklaus 2003) to obtain the MED25pro::GUS construct.
GUS staining and microscopy
The GUS staining solution was prepared as described in Xu and Li (2011) . Ten-day-old seedlings were incubated at 37 °C overnight. Afterward, the GUS staining solution was removed and 70% ETOH was added to preserve samples and extract chlorophyll. Light microscopy images were documented using a Leica CCD camera.
Leaves three, four, and five of 3-week-old plants were used for all scanning electron microscope (SEM) images. The SEM images in Fig. 1 were taken using the low vacuum mode setting on the FEI Quanta 450 scanning electron microscope as described in Suo et al. (2013) . For the SEM images in Fig. 2 , plant tissue was prepared via primary fixation in a 4% glutaraldehyde-phosphate buffer solution. After 2 h, the primary fixative was removed and the plant tissue was rinsed three times with phosphate buffer, 10 min per wash. A secondary fixation was carried out using a 1% osmium tetroxide-phosphate buffer solution. The secondary fixative was removed after 1 h and the plant tissue was rinsed as before. Samples were then dehydrated via 10 min incubations in increasing concentrations of ETOH: 10, 30, 50, 70, 95, 100, 100, 100%. The samples were subjected to critical point drying, mounted on stubs, and sputter coated with gold for 4 minu. Images were taken using the high vacuum mode setting on the FEI Quanta 450 scanning electron microscope. Trichomes were viewed using 500× and 1000× magnification, a pressure of approximately 2.99e-6 Torr, a voltage of 12.5-15 kV, and a spot size of 3.0.
Papillae quantification
High vacuum scanning electron images of trichomes taken at 1000× magnification. Papillae were counted within a 200px × 300px (24.84 µm × 37.50 µm) rectangular region on the trichome base. was used to define a region on the trichome base within which. Two-tailed two-sample t-tests were performed to compare measurements.
X-ray elemental analysis
Trichomes were viewed using the high vacuum mode setting on the FEI Quanta 450 scanning electron microscope at 5000× magnification. X-ray analysis was performed using a 1 µm 2 region of interest for approximately 2000 frames per sample using an X-MAX silicon drift detector and INCA software (Oxford Instruments). Analyses were performed on glh1 trichome cell walls, Columbia interpapillae regions, and Columbia papillae. Once spectra were acquired for mutant and wild type trichomes, peak heights were measured for calcium. Two-tailed two-sample t-test was performed to compare the elemental make-up of wild type and mutant trichome cell wall surfaces.
ICP elemental analysis
Trichomes were isolated as described in Marks et al. (2008) . Isolated trichomes were re-suspended in approximately 10 ml PBS (potassium salts only). Six aliquots of 5 μl were removed for cell counts to determine trichome concentration. Aliquots of approximately 3000 trichomes were distributed into vials and buffer was aspirated. Each vial of trichomes was prepared for ICP analysis by adding 0.5 ml of concentrated nitric acid, 0.5 ml concentrated hydrochloric acid, and 9.0 ml of nanopure water.
Thirteen standards ranging from 0.01 to 15.0 ppm were prepared using the ICCA VeriSpec Instrument Calibration Standard 5 stock solution (1000 ppm). For each standard, a given volume of stock solution was diluted with 5.0 ml concentrated nitric acid, 5.0 ml concentrated hydrochloric acid, and nanopure water up to 100 ml.
Standards and samples were run on an Optima 8300 ICP-OES Optical Emission Spectrometer produced by Perkin Elmer. The program Syngistix for ICP was used in conjunction with the spectrometer to process the results. The read parameters were set to auto, with a delay time of 45 s, and three replicates. The Perkin Elmer blank solution was ran prior to standards and samples to determine background signal. Sample intensity values were recorded for the calcium 315.887 nm and calcium 393.366 nm emission wavelengths and exported to Microsoft Excel for data analysis. Corrected intensities were calculated by subtracting the blank intensity value from the standard and sample intensity values. A standard curve was generated by plotting the corrected standard intensities against the standard concentrations. Using the equation for the linear regression line, the concentration of calcium was calculated for each sample. A two-tailed two-sample t-test was performed to compare calcium concentrations between wild type and mutant samples.
